Accurate information on the distribution of sensible and latent heat fluxes as well as soil moisture is critical for evaluation of background characteristics. Since these fluxes are subject to rapid changes in time and space, it is nearly impossible to determine their spatial and temporal distributions over large areas from ground measurements alone. Therefore, prediction from remote sensing images is very attractive as it enables extensive area coverage and a high repetition rate. In this study, the Surface Energy Balance Algorithm for Land as implemented at New Mexico Tech (SEBAL NM ) is used to estimate sensible and latent heat fluxes in the White Volta Basin of Ghana, West Africa. The objectives are (i) to demonstrate a SEBAL NM application in a part of the world were ground measurements are very scarce and (ii) to compare evapotranspiration (ET) maps obtained from Landsat and MODIS imagery, respectively. The results of this study demonstrate that SEBAL NM can be applied for mapping sensible and latent heat fluxes as well as soil moisture over areas where few or no ground measurements are available using common satellite products (Landsat and MODIS).
INTRODUCTION
Near-surface atmospheric and soil moisture conditions have an impact upon virtually all aspects of Army activities and are increasingly affecting its systems and operations. Atmospheric turbulence can hamper the performance of optical and infrared sensors as well as acoustic detection systems. Soil moisture conditions affect operational mobility 1 , detection of landmines [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and unexploded ordinance, natural material penetration/excavation, military engineering activities, blowing dust and sand, watershed responses [14] [15] [16] [17] [18] [19] [20] , and flooding. Near-real time data on the spatial distribution of sensible and latent heat fluxes will help (i) to make better predictions of electro-optical signals transmissions and (ii) to better initialize micro scale models for prediction of concentrations of chemical and biological agents in realistic terrains; data on soil moisture will provide critical information on operational mobility, penetration, and performance of landmine and UXO sensors as well as greatly improve the initialization of hydrologic models for the prediction of watershed responses and flooding.
The energy fluxes at the soil surface and soil moisture strongly interact with each other. We recognize two heat fluxes that transport energy between the soil surface and the atmosphere: the sensible and the latent heat flux. The sensible heat * hendrick@nmt.edu; phone (+1) 505 835-5892; fax (+1) 505 835-6436; http://www.ees.nmt.edu/hydro/landmine flux consists of heat transported by air "parcels". If a dry soil surface warms up during the day as a result of incoming solar radiation, the absorbed energy is partitioned between a heat flux going into the soil by conduction and one going into the air by convection. Air parcels close to the surface warm up, expand, and start rising into the cooler air above. If a wet soil surface warms up during the day, the absorbed energy is partitioned between the soil heat flux and the latent heat flux λE (W m -2 ), which basically is the evaporation rate. The parameter λ is the latent heat of vaporization of water (J kg -1 ) and E is the vapor flux density (kg m -2 s -1 ). The partition of net available energy at the soil surface between the sensible and latent heat fluxes depends on the soil water content of the root zone [21] [22] [23] . When soil water content is high, the latent heat flux is dominant while for dry conditions the sensible heat flux prevails. The focus of this contribution is on sensible and latent heat fluxes. Direct measurements of these fluxes is too expensive and time consuming for application at regional scale and only provide point measurements at a scale that may be considerably smaller than the estimate obtained from remote sensing methods. Moreover, it is difficult to determine the area that measurements represent, especially over heterogeneous vegetation. In this study, we use the New Mexico Tech implementation of the Surface Energy Balance Algorithm for Land (SEBAL NM ) for estimation of the heat fluxes since it is a cost-effective and fast method that requires few or no ground observations. Best estimates of sensible and latent heat fluxes by SEBAL NM from Landsat imagery have been successfully validated by Hendrickx's research group using ground measurements in the heterogeneous riparian areas of the US southwestern states 24 . In addition, best estimates of these heat fluxes by SEBAL NM from MODIS imagery have been validated in New Mexico 25 . The SEBAL method has also been used in numerous other studies to assess latent heat fluxes in Idaho, Spain, Italy, Turkey, Pakistan, India, Sri Lanka, Egypt, Niger, and China [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . These applications of SEBAL have demonstrated its ability to accurately estimate daily latent heat fluxes, i.e. evapotranspiration rates, on agricultural land for all stages of crop development and growth.
The overall goal of this study is to demonstrate that important background information on the components of the energy balance and soil moisture can be obtained from optical imagery anywhere in the world without using ground measurements. For this study we have selected the challenging heterogeneous tropical environment of the White Volta Basin in Ghana. The specific objectives are (i) to test SEBAL NM with Landsat and MODIS imagery in the White Volta Basin of Ghana without using any ground measurements and (ii) to compare evapotranspiration maps generated from Landsat images with spatial resolution 60 m to those generated from MODIS images with spatial resolution 1000 m.
SURFACE ENERGY BALANCE ALGORITHM FOR LAND (SEBAL

NM )
SEBAL is a remote sensing flux algorithm that solves the surface energy balance on an instantaneous time scale and for every pixel of a satellite image [32] [33] [34] 36 . The method is based on the computation of surface albedo, surface temperature and vegetation index from multispectral satellite data. The surface albedo is used to calculate net short wave radiation, and surface temperature for the calculation of net long wave radiation, soil heat flux and sensible heat flux. The vegetation index governs the soil heat flux by incorporating light interception by canopies, and is used to express the aerodynamic roughness of the landscape. The latent heat flux is computed as the residue of the surface energy balance. Air humidity measurements are not needed because evaporation is computed from the latent heat flux. SEBAL has been applied for water balance estimations 30 , irrigation performance assessment studies 29 , and for weather prediction studies 37 .
SEBAL is a physically based analytical method that evaluates the components of the energy balance and determines the ET rate as the residual
where R n is the net incoming radiation flux density (W m -2 ), G is the ground heat flux density (Wm -2 ), H is the sensible heat flux density (W m -2 ), and λE is the latent heat flux density (W m -2 ), which basically is the ET rate. The parameter λ is the latent heat of vaporization of water (J kg -1 ) and E is the vapor flux density (kg m -2 s -1 ). Evaporation E includes both bare soil evaporation and canopy transpiration.
The main challenge in the energy balance is to determine the partitioning of the available energy (R n -G) into λE and H. The net radiation R n is estimated from the remotely sensed surface albedo, surface temperature, and solar radiation calculated using standard astronomical formulae 38 . The ground heat flux G is determined through semi-empirical relationships with R n , surface albedo, surface temperature, and vegetation index [32] [33] [34] 36 . The most critical factor in the physically based remote sensing algorithms is to solve the equation for the sensible heat (H)
where ρ a is the density of air (kg m -3 ), c p is the specific heat of air (J kg -1 K -1 ), r ah is the aerodynamic resistance to heat transfer (s m -1 ), T aero is the surface aerodynamic temperature, and T a is the air temperature either measured at a standard screen height or the potential temperature in the mixed layer 39 . The aerodynamic resistance to heat transfer is affected by windspeed, atmospheric stability and surface roughness 23 . The apparent simplicity of Eq. [2] is deceptive since T aero cannot be measured by remote sensing. Remote sensing techniques measure the radiometric surface temperature T rad which is not the same as the aerodynamic temperature. The two temperatures usually differ by 1 to 5 °C. Unfortunately, an uncertainty of 1 °C in T aero -T a can result in a 50 W m -2 uncertainty in H 22 that could be approximately equivalent to an evaporation of 2 mm per day. Although many investigators have tried to solve this problem by adjusting r ah or using an additional resistance term, no generally applicable method has been developed yet 40 .
SEBAL is a practical method that overcomes the problem of inferring the aerodynamic temperature from the radiometric temperature and the need for near-surface air temperature measurements by directly estimating the temperature difference between T 1 and T 2 taken at two arbitrary elevations z 1 and z 2 without explicitly solving for the absolute temperature at a given height. The temperature difference for a dry surface without evaporation is obtained from the inversion of the sensible heat transfer equation setting latent heat flux λE=0 so that H=R n -G
For a wet surface all available energy R n -G is used for evaporation λE so that H=0 and ∆T a =0. Field observations have indicated that land surfaces with a high ∆T a are associated with high radiometric temperatures and those with a low ∆T a with low radiometric temperatures. For example, in New Mexico and Idaho moist irrigated fields have a much lower ∆T a than dry rangelands. Field measurements in Egypt and Niger 32 , China 26 , USA 41 , and Kenya 42 have shown that the relationship between T rad and ∆T a is linear where c 1 and c 2 are the linear regression coefficients valid for one particular moment (the time and date the image is taken) and landscape. By using the minimum and maximum values of ∆T a as calculated for the coldest and warmest pixel(s), the extremes of H are used to find the regression coefficient c 1 and c 2 which will prevent outliers of H-fluxes. Thus, the empirical Eq. [4] relies on spatial differences in the radiometric surface temperature rather than absolute surface temperatures, to minimize the influence of atmospheric corrections and uncertainties in surface emissivity.
Eq. [3] has two unknowns: ∆T a and the aerodynamic resistance to heat transfer r ah , which is affected by wind speed, atmospheric stability, and surface roughness. Several algorithms take a few field measurements of wind speed and treat them as spatially constant over representative parts of the landscape [43] [44] [45] . This assumption is only valid for uniform homogeneous surfaces. For heterogeneous landscapes a wind speed near the ground surface is required for each pixel. One way to overcome this problem is to consider the wind speed spatially constant at a height of 200 m above ground level. This is a reasonable assumption since at this height the wind speed is not affected by local surface heterogeneities. The wind speed at 200 m is obtained by an upward extrapolation of a wind speed measurement at 2 or 10 m assuming a logarithmic wind profile. The wind speed at each pixel is obtained by a downward extrapolation using the surface roughness, which is determined for each pixel using an empirical relationship between surface momentum roughness z 0m and the Normalized Difference Vegetation Index (NDVI) or the Soil Adjusted Vegetation Index (SAVI) 46 . The end result of these calculations is the determination of values for r ah and ∆T a for each pixel which allows us to find the sensible heat flux for each pixel. After inserting R n , G, and H into Eq. [1] the latent heat flux λE or ET rate is derived for each pixel. Is SEBAL "old technology"? At first inspection SEBAL is quite similar to other ET estimation methods that use T rad and ∆T but with one significant difference: SEBAL uses an internal auto-calibration process that eliminates the need for actual measurements of T rad and/or ∆T as well as for atmospheric corrections. SEBAL is automatically calibrated for biases through the regression calibration of Eq. [4] which is based on a cold and warm pixel. Thus, the surface temperature T rad is used as a distribution parameter for partitioning the sensible and latent heat flux. ∆T a floats above the land surface as it is indexed to T rad (through calibration Eq. [4] ) but it does not require actual measurements on the ground or atmospheric corrections.
SEBAL yields an estimate of the instantaneous ET (mm/hour) at the time of the LandSat overpass around 11:00 am. This hourly ET rate must then be extrapolated to obtain the daily ET. The extrapolation is done using the evaporative fraction (i.e., the ratio of latent heat over the sum of latent and sensible heat) which has been shown to be approximately constant during the day. Therefore, multiplication of the evaporative fraction determined by SEBAL with the total daily available energy yields the daily evapotranspiration rate.
Soil moisture conditions in the root zone can be determined from the evaporative fraction using the empirical relationship 47 :
where S is relative degree of saturation, θ is volumetric water content, and θ s is volumetric water content at saturation. The validity of Eq. [5] has been tested in several studies 21, 47 including one in New Mexico 48 .
STUDY AREA
The White Volta flows southward across the frontier between Burkina Faso and Ghana in the Bolgatanga area which lies between latitudes 12°00´N to 10°20´N and longitudes 0°16´W to 0°16´ E (Figure 1 ). The study area has a Sudanese climate, characterized by a mean annual precipitation of about 1000 mm varying between 700 mm and 1100 mm. Weather conditions change drastically over the year: average monthly temperature ranges from 26°C to 32°C, with the average minimum and maximum in the ranges 19° C to 26°C and 30°C to 39°C, respectively. The rainy season is mono-modal with the rainfall peak occurring in August. The driest months are December and January; the lowest temperatures are experienced in December, while the highest temperatures occur in March.
Potential evaporation is about 250% of annual rainfall; monthly averages of relative humidity range from 16% to 95%. Climate data for the Navrongo station (close to Bolgatanga) are presented in Table 1 . For a full hydrological description of the White Volta Basin we refer to Amisigo and Compaore 49, 50 . Figure 1 . The dotted rectangle represents the study area. The White Volta, which crosses the southern part of the Navrongo area, generally flows in a NW to SE direction, and turns sharply West at the point where the river encounters the Gambaga scarp. It is fed by a number of tributaries which include the Tono River in the West and the Red Volta in the NE part of the study area. During the wet season the vegetation, mainly composed of grasses, is dense and luxuriant. Streams and rivers in the area are subject to sudden fluctuations in water level, suggesting that there is considerable surface run-off within their catchments during heavy rainfall. During the dry season, discharge decreases and finally ceases in March. A common feature of the flow regime in the savannah is the reduction of continuous flow to a series of disconnected pools within the channel bed, separated by dry stretches of sand and rock. Human beings as well as livestock suffer from domestic water shortage, as water supply is obtained primarily from rivers, small dams, springs and boreholes. Water deficit in the soil has also an impact on the vegetation layer, which is essentially composed of deciduous trees that loose their leaves to avoid water stress. The process is characteristic of the entire Volta basin, from the drier Sahelian to the more humid savannah zones. The conditions of spatially and temporally unbalanced distribution of available water pose a challenge to the management of water resources for regional development. Hundreds of small dams have been constructed in Ghana to overcome water shortage in the dry season. The Tono Dam near Navrongo is the main reservoir providing irrigation water throughout the year, while small dams and groundwater from bore holes are used mainly as drinking water and to irrigate garden vegetables during the dry season.
The geology of the study area consists essentially of an old migmatized and granitized base with some birrimian intrusions. The geology can be subdivided in Voltaian, Birrimian and Precambrian units as described by Adu 53 . The Voltaian is represented by sandstones and shale locally confined along the White Volta River. The Birrimian is composed of metamorphosed sediments and volcanic rocks, although arenaceous conglomerates and argillaceous rocks are also found. The Precambrian in the area is dominated by granitic rocks described as compound gneisses in the Navrongo. Four main soil classes are observed. Soils derived from granites consist mainly of sandy soil in the series of Tanchera and Bongo associations. The topsoil is loose, porous, coarse textured and easy to cultivate; however, it is also easily eroded and poorly supplied with nutrients and of low capacity to retain moisture. They are suitable for the cultivation of guinea corn, millet, groundnuts and beans. Over Birrimian rocks the predominant soil association is the Bianya series. The topsoil is light grey silty or fine sandy clay colluvium, overlying quartz gravel and stones or weathering rock. It frequently supports Acacia tree species with canopies that poorly cover the surface. The Voltaian rocks develop mainly Kintampo soil series which is associated with lithosols often accompanied by bare rock outcrops found along the Pendjari and the White Volta River. On these soils vegetative cover is poor and consists only of short grasses and shrubs. Soils derived from Quaternary and Tertiary rocks consist of Siare-Bonabi-Dagare series and occur extensively along the alluvial tracts of the major tributary rivers of the Kompienga and the Volta Rivers. They are deep to very deep fertile soils well suited for mechanized cultivation of rice, cotton, sugarcane and vegetables. They usually support rich woodland to gallery forest vegetative layers.
The vegetation in the study area has been classified as "transition zone between wet and dry savannah", tree savannah, savannah woodland, or simply savannah. The original vegetation composed mainly of deciduous trees in grassland, is heavily influenced by human agricultural and deforestation activities including livestock overgrazing and periodic bush fires. Moreover, this savannah is also prone to erratic climatic conditions dominated by high inter-annual rainfall variability. The natural vegetation is composed basically of woodlands on varying soil conditions. Common tree species are Anogeissus leiocarpus, (Loa, local in Mapprussi language), Vitellaria paradoxa (Sungu) and Parkia biglobosa (Dawa-dawa) Acacia occur frequently and are usually found on heavy clay soils associated with old river alluvium, piedmont slopes and eroded sites. Riverine woodland tenuously fringes the White and Red Volta, the Sissili and a few of the minor streams. Around populated areas of Navrongo and Bolgatanga, tree density is low as a result of land degradation and deforestation for new farms, fuel wood, building and other purposes. Main cultivated crops are cotton, tobacco, tomato, black pepper, sweet potato, millet, guinea corn, maize, cowpeas, bambara beans, cassava and yam. The agricultural landscape, composed of compound and bush farms, is an agro-forestry park with few indigenous tree species preserved for their economic value. Most common tree species include Vitellaria paradoxa, Parkia biglobosa, Acacia albida, Anogeissus leiocarpus, Adansonia digitata (baobab), Tamarindus indica, Mangifera indica and Ceiba pentandra.
SATELLITE IMAGES
SEBAL
NM has been used to derive maps of the sensible and latent heat fluxes as well as root zone soil moisture from four images: two Landsat and two MODIS ( Table 2 The use of SEBAL NM on Landsat and MODIS images has been described before in the SPIE proceedings 24, 25 . Figure 3 presents the maps of ET, sensible heat flux, and soil moisture (degree of saturation) at the end of the dry season on March 7, 2003 . There is some cloud contamination in the upper NW corner of the image. The ET values over the area are very small (zero or close to zero) over most of the area and net radiation is largely converted into sensible heat flux. Therefore, turbulent transport by buoyancy forces will be common in this period. Soil moisture is low throughout the area with the exception of the irrigated area in the NW corner of the image below Tono dam and all along the valley of the White Volta river. The White Volta river is particularly well delineated in the soil moisture map. Figure 4 represents the area pictured in Figure 3 . As expected, the ET rates are much higher than at the end of the dry season and vary mostly between 2-4 mm/day in the southern part of the map. The sensible heat fluxes are considerably lower since much of the net radiation is used for evapotranspiration, so that atmospheric turbulence will be less than at the end of the dry season. Figure 6 presents the maps of ET, sensible heat flux, and soil moisture at the end of the dry season on March 7, 2003 , derived from a MODIS image. The spatial resolution of this map is 1000 by 1000 m and, therefore, much of the fine details found on the Landsat ET map have disappeared. For example, the rather narrow valley of the White Volta river visible in the Landsat ET map (see Fig. 3 ) can hardly be recognized. Overall, the Landsat and MODIS ET maps appear very similar. The histograms of the Landsat and MODIS ET maps also show good agreement (Figure 7) , although the mean ET of 0.48 mm/day from the MODIS ET map is double the mean ET of 0.24 mm/day from the Landsat ET map. However, both numbers are rather small and thus concur the ET is very low. In previous work we have shown that the relative error of SEBAL NM ET difference estimates between Landsat and MODIS ET maps decreases from more than 100% at very low ETs like 0.3 mm/day to about 10% at high ETs like 6-8 mm/day 25 . The standard deviation of ET in the MODIS ET map is lower than the standard deviation in the Landsat ET map due to the much larger pixel size of the MODIS image.
RESULTS AND DISCUSSION
Maps derived from Landsat images
Maps derived from MODIS images
The ET histograms from the ET maps derived from Landsat and MODIS on October 30 and 26, 2002, respectively,do not agree at all (Figure 8) . The ET values from the MODIS ET map are higher and show a bimodal distribution. In addition, the average ET values also differ by more than 2 mm/day as do the standard deviations. The ET standard deviation from the MODIS ET map is more than twice the standard deviation from the Landsat ET map. These anomalies have not been caused by precipitation since very little rain was observed during the period October [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 2002 . Careful inspection of the MODIS image revealed a thin transparent cloud cover over most of the image. These thin clouds were sufficient to lower the apparent surface temperature of many dry pixels which in the SEBAL NM algorithm results in an erroneous higher ET estimate. Therefore, it is concluded that the MODIS ET map of October 26, 2002, is not correct. Nevertheless this erroneous map provides an instructive example, illustrating that the SEBAL approach only works on clear days when few or no clouds are present. Particularly in the tropics, care should be taken to select images without thin transparent clouds.
SUMMARY
In this case study of the White Volta Basin in Ghana it is demonstrated that maps of evapotranspiration, sensible heat flux, and root zone soil moisture can be obtained using SEBAL NM using few or no ground measurements provided a Landsat or MODIS optical image is available. This case study joins an abundance of similar studies reported in the literature in providing strong evidence that the SEBAL approach is a powerful tool for the characterization of surface energy balances anywhere in the world using readily available satellite images. However, great care is needed to select images that are free of thin transparent cloud cover since clouds cause erroneously high ET and soil moisture estimates. 
ACKNOWLEDGEMENT
